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Abstract
IDENTIFICATION OF BINDING PARTNERS OF A NOVEL P. FALCIPARUM
EXPORTED PROTEIN
By Mónica Adriana Zapata
A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science in Biology at Virginia Commonwealth University.
Virginia Commonwealth University, 2009
Major Director: Dr. Ghislaine Mayer, Assistant Professor, Biology Department
Plasmodium falciparum is the causative agent of the most severe form of malaria. This
parasite drastically modifies its host cell, the erythrocyte, to create a hospitable
environment for its growth and reproduction. In order for these modifications to occur,
the parasite secretes proteins into the erythrocyte. While the secretion machinery is still
unknown, many secreted proteins have been found to have a hydrophobic signal
sequence and a novel host-targeting signal downstream of the hydrophobic sequence. A
novel P. falciparum protein has been shown to be secreted from the parasitophorous
vacuole, yet it lacks both a hydrophobic signal sequence and a host-targeting signal. It
was hypothesized that this protein, Pfl2110c, must interact with other proteins as it
migrates into the erythrocyte. Using immunofluorescence assays and coimmunoprecipitation experiments, I found that Pfl2110c interacts with several parasite
proteins as well as with the erythrocyte cytoskeleton. Therefore, Pfl2110c was renamed
skeleton-binding protein 2 (SBP-2).

viii

Introduction

Plasmodium falciparum and malaria
Malaria affects hundreds of millions of people worldwide and is the most widelydistributed infectious disease in the world. The causative agent of the most severe form
of malaria is the protozoan parasite Plasmodium falciparum. This form of malaria
predominately affects warm regions of the world near the equator such as sub-Saharan
Africa (Figure 1). It is estimated that more than 1 million people die from severe malaria
each year. The disease kills mostly young children [1, 2].
P. falciparum is an obligate intracellular pathogen that is spread by the female
Anopheles mosquito to the vertebrate host. It has a complex lifecycle consisting of a
sexual stage occurring within the mosquito vector and an asexual stage occurring within
the human host. A person is infected upon the injection of sporozoites from the salivary
glands of the Anopheles mosquito. The sporozoites immediately migrate to the liver
through the bloodstream and infect hepatocytes. Maturation takes approximately 14 days
within the hepatocytes, after which the parasites exit in the form of merozoites to
immediately invade erythrocytes [1]. The erythrocytic stage of the asexual lifecycle is
associated with the symptoms of severe malaria [3].
P. falciparum synthesizes unique organelles specifically for erythrocyte invasion.
The micronemes, rhoptries, and dense granules are secreted during invasion and used for
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erythrocyte attachment, vacuole formation and parasite establishment within the
erythrocyte [4]. After entry into the erythrocyte, the parasite resides within a vacuole
called the parasitophorous vacuole (PV). P. falciparum exists in three different stages as
it matures in the erythrocyte (Figure 2). The first stage, known as the ring stage, lasts for
approximately 24 hours [5]. During the ring stage, the parasite feeds on the erythrocyte
and gradually increases its volume [6]. The trophozoite stage is visibly distinct from the
ring stage due to the larger volume the parasite fills within the host cell. It is also during
this stage that the endoplasmic reticulum (ER) and Golgi increase in size, and the
Maurer’s clefts and tubulovesicular network are synthesized [3, 5, 6]. Late in the
trophozoite stage knob-like structures can be seen on the surface of the infected
erythrocyte. These structures are composed of the parasite proteins KAHRP and
PfEMP1. These knob structures allow infected erythrocytes to bind to receptors on the
endothelium lining blood vessels and to drop out of circulation to evade clearance by the
spleen [7]. The modified, infected erythrocytes result in clots in heavily infected patients
and can lead to symptoms associated with severe malaria such as coma, placental
malaria, cardiovascular collapse, and organ failure [1]. The final stage of the erythrocytic
cycle before lysis is the schizont stage during which the parasite multiplies and divides to
form as many as 32 new merozoites ready for new erythrocyte invasion upon cell lysis
[6]. The newly released merozoites immediately invade erythrocytes and begin the cycle
again. This cell lysis causes malaria-associated anemia and fever cycles due to the
release of the pigment waste product hemozoin [1].
P. falciparum secretion and exportome
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P. falciparum grows in the human erythrocyte, a cell devoid of organelles (Figure
3). In order to modify the erythrocyte, and cause disease, the parasite synthesizes its own
secretory machinery and secretes proteins into the host erythrocyte [3, 5, 8, 9]. P.
falciparum-exported proteins must cross several barriers including the parasite plasma
membrane, vacuole membrane, erythrocyte cytosol, and sometimes the erythrocyte
membrane. Recent research has shown that many exported proteins contain a signal
sequence similar to an ER secretory signal sequence [3, 8, 10]. This suggests that at least
some of P. falciparum exported proteins utilize the parasite secretory system to move
from the ER to the Golgi apparatus to the parasite membrane. How the proteins are able
to cross the vacuole membrane and move into the erythrocyte cytosol is not yet
completely understood. An export signal sequence has been identified by two different
research groups [5, 10]. The sequence, referred to as the host-targeting (HT) signal or
Plasmodium export element (PEXEL) motif, is found in many proteins that also contain
the ER signal sequence [3, 5]. The export signal is a conserved five amino acid sequence
typically found 40 to 60 amino acids downstream of the hydrophobic ER signal sequence
[5, 10]. Approximately 400 proteins have been identified in the Plasmodium falciparum
genome with this conserved sequence (Figure 4). Although these signal sequences are
shown to target proteins for export from the parasite into the erythrocyte, very little is
known about the transport mechanism of proteins in P. falciparum [11]. Moreover, there
are also known secreted proteins that lack these signal sequences.
The Maurer’s clefts
Recent findings have implicated the Maurer’s clefts in protein trafficking from the
parasitophorous vacuole membrane (PVM) through the erythrocyte into the erythrocyte
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membrane [9, 12]. The Maurer’s clefts, along with the tubular vesicular network (TVN),
are most visible with electron microscopy during the late trophozoite stage (Figure 5).
The clefts appear to bud off from the PVM and during maturation break away from the
PVM [9]. Electron microscopy pictures of the Maurer’s clefts have revealed that they
have a complex structure with irregularly shaped branches. Some images have revealed
tethers between clefts, but it is not believed that proteins travel through these tethers. It is
speculated that proteins are packaged into vesicles that can be seen budding off from
individual clefts and merging with new clefts in the erythrocyte [9]. While some proteins
are thought to be residents of the Maurer’s clefts, such as SBP-1 and MAHRP1, other
proteins have been visualized within the Maurer’s clefts transiently [9]. It is possible that
some proteins enter the Maurer’s clefts through secretory machinery with the help of the
HT or PEXEL signal, but it has also been determined that many of the resident proteins
of the Maurer’s clefts do not have HT/PEXEL motifs [5, 10].
Goal of study
Pfl2110c was identified through homology searches previously done in the Mayer
laboratory. It was found to have weak homology with a Legionella pneumophila effector
protein. The gene for Pfl2110c encodes an 1846 amino acid protein. It contains two
putative calcium-binding and transmembrane domains (Figure 6A) [13]. Pfl2110c has
been shown to be exported from the PV into the erythrocyte during all stages of the
asexual lifecycle of the parasite [14]. This novel effector protein of Plasmodium
falciparum lacks both a hydrophobic signal sequence and an HT/PEXEL motif. For this
reason, it was hypothesized that Pfl2110c interacts with at least one other protein as it
moves from the parasite into the erythrocyte. It is possible that it is part of a complex
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that is able to cross the PVM together either with the help of secretory machinery or
through the action of the proteins associated in the complex. The goal of this research is
to determine which proteins are interacting with Pfl2110c in order to decipher its
mechanism of export to the host erythrocyte.
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Materials and Methods

Parasite cultures
Dd2/Nm clones were cultured in complete media (HEPES, hypoxanthine, RPMI
medium 1640, albumax, 7.5% sodium bicarbonate, 10 mg/ml gentamicin, distilled water).
The hematocrit was maintained at 2% with human O-positive erythrocytes. Cultures
were stored in flasks at 37°C. Parasites were split and fed with fresh media and blood
every other day.
Cryopreservation of ring-stage parasites
Cultures with 7% parasitemia of ring-stage parasites were centrifuged for 10
minutes at 600 g at room temperature. The supernatant was discarded, and 1.6 ml
glycerolyte was added to the pellet drop-wise. The mixture was incubated at room
temperature for 5 minutes. After incubation, 3.4 ml of glycerolyte was added to the
mixture drop-wise. One milliliter of the mixture was added to cryotubes. The tubes were
placed at -80°C overnight and transferred to liquid nitrogen the next day for indefinite
storage.
Thawing of parasites
Frozen aliquots of ring-stage parasites were thawed for 2 minutes in a 37°C water
bath. The parasites were then transferred to a 50 ml conical tube. Point-two volumes of
sterile 12% NaCl were added drop-wise with a 19 gauge needle. Nine volumes of sterile
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1.6% NaCl were then added drop-wise. The mixture was centrifuged at 600 g for 3
minutes at room temperature. The supernatant was aspirated. Nine volumes of 0.9%
sterile NaCl, 0.2% dextrose were added to the parasite pellet drop-wise. The mixture was
centrifuged at 600 g for 3 minutes at room temperature. The supernatant was aspirated,
and 10 ml of 37°C complete media (CM) were added. The cultures were maintained at
2% hematocrit in a 10 ml flask at 37°C.
Antisera
Rat Pfl2110c antisera was generated by Julie Farley (Virginia Commonwealth
University). Rabbit anti-spectrin was purchased from Sigma (St. Louis, MO). Rabbit
anti-GBP 130 was a gift from Dr. Serge Bonnefoy (Unité d’Immunologie Moléculaire
des Parasites, CNRS URA 2581, Département de Parasitologie, Institut Pasteur, Paris,
France). Mouse anti-PfSBP1 was a gift from Dr. Catherine Braun Breton (UMR 5539
Université Montpelier II Case 107 Place Eugène Bataillon 34059 Montpelier cedex 05,
France). Rabbit anti-RESA/Pf155 was a gift from Dr. Klavs Berzins (Department of
Immunology, Wenner-Gren Institute, Svante Arrhenieusväg 16, Stockholm University S106 92 Stockholm, Sweden). Mouse LWL1 (anti-Maurer’s clefts) sera was ordered from
the Malaria Research and Reference Reagent Resource Center (MR4). Mouse
Glycophorin A+B and Glycophorin C antisera were purchased from Sigma (St. Louis,
MO).
Protein cross-linking
P. falciparum proteins were cross-linked with membrane-permeable DSP
(Dithiobis[succinimidylpropionate]) (Pierce, Rockford, IL). P. falciparum-infected
erythrocytes were washed twice with phosphate-buffered saline (PBS), pH 7.4 to rid of
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the media. The cross-linking solution (10mM DSP in dry DMSO) was added to the
rinsed erythrocytes in PBS to a final concentration of 2 mM. The cells were incubated
for 30 minutes at room temperature. A stop solution of 10 mM tris, pH 7.5 was added to
cells for 15 minutes at room temperature. The cells were then ready for saponin lysis.
Protein extraction
Parasite cultures were centrifuged for 10 minutes at 600 g at room temperature.
The supernatant was discarded, and 6 ml of a solution containing PBS, pH 7.5, protease
inhibitor cocktail, and 10% saponin were added to the parasite-blood pellet. The pellet
was incubated for 10 minutes on ice. The mixture was then aliquoted into microfuge
tubes and spun for 10 minutes at 500 g at 4°C. The supernatant was discarded, and the
pellets were washed twice with a solution of PBS, pH 7.5 plus protease inhibitor cocktail.
After the final wash, the supernatant was discarded, and the pellets were stored at -80°C.
Immunoprecipitation
The parasite pellet was extracted with 10 mM HEPES, pH 7.5, 1% Triton X-100
supplemented with 2% protease inhibitors. Cell extracts were immunoprecipitated with
1:50 dilutions of Pfl2110c antisera, and 1:100 dilutions of RESA, spectrin, SBP-1,
glycophorin C, glycophorin A+B, and GBP 130 antisera. A 1:10 dilution of LWL1
antisera was used. Immunoprecipitates were collected with Protein G-sepharose beads
(GE Healthcare, Piscataway, NJ), separated on acrylamide gels, blotted onto PVDF
membranes, and incubated with the appropriate antibodies. Antibodies were revealed
with the ECLTM Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ).
Membrane stripping
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To re-use PVDF membranes, they were incubated in a stripping buffer (2% SDS,
100 mM beta-mercaptoethanol, 62.5 mM tris-HCL, pH 6.7) for 30 minutes with
occasional shaking at 60°C. The membranes were then rinsed twice for 10 minutes in
tris-buffered saline with 1% tween-20 (TBST). Membranes were blocked in TBST with
10% milk for at least 1 hour before re-probing.
Native gel electrophoresis
Native gel electrophoresis was performed in a 3-12% NativePAGETM gradient gel
prepared in 0.4 M tris-HCl (Invitrogen, Carlsbad, CA). Lysates were prepared with
NativePAGETM 4x sample buffer, 0.5% DDM (n-dodecyl-β-D-maltoside) detergent, and
water. Samples were mixed with G-250 sample additive (Invitrogen, Carlsbad, CA),
loaded, and electrophoresed at 25 mA for approximately 90 minutes.

Native gel staining
The gel, which contained G-250 dye in each sample, was placed in 100 ml of
fixing solution containing 40% methanol and 10% acetic acid. The gel and solution were
microwaved at high power for 45 seconds. The gel was then shaken for 15 minutes in the
fixing solution. The solution was discarded, and 100 ml of 8% acetic acid was added to
the gel. The gel was microwaved at high power for 45 seconds, and then the gel was
shaken in the acetic acid solution until destained. The gel was dried using a BioRad
(Hercules, CA) gel drying apparatus.

Molecular size calculation for native gel electrophoresis
9

In order to identify the size of the bands produced on the native gel that were
larger than the standard bands (460 kDa), the log10 of the molecular weight of each
standard was plotted against the migration (in centimeters) of each standard from the
well. The equation for a standard curve (y = mx+b) was used to determine the size of
each band [15].

Indirect immunofluorescence assays
Mixed stages of parasites were used for cellular localization assays. Blood
smears were spotted on 10-well 6 mm Hydro Slides (Thermo Fisher Scientific, Fair
Lawn, New Jersey). Cells were fixed in 1% paraformaldehyde for 1 minute at room
temperature. Cells were then rinsed in PBS, pH 7.4 three times for 5 minutes. Slides
were then incubated in blocking buffer (1 % normal goat serum, 0.1 % Triton X-100 in
PBS) for 30 minutes at room temperature. The cells were then incubated with sera in
blocking buffer for 1 hour at room temperature. Pfl2110c and spectrin antisera were used
in 1:50 dilutions. GBP130 and RESA antisera were used in 1:1000 dilutions. SBP-1,
LWL1, Glycophorin C, and Glycophorin A+B antisera were used in 1:100 dilutions.
After incubation with the primary antisera, the wells were washed extensively with PBS,
pH 7.4 and stained with goat anti-rabbit, goat anti-rat, or goat anti-mouse Alexa 488
conjugated secondary antibodies (Invitrogen, Carlsbad, CA). For staining with multiple
antibodies, secondary antibodies conjugated with either Alexa 588 or Alexa 660 were
used. Parasite nuclei were visualized with 1:2000 dilutions of 4’, 6-Diamidino-2phenylinodole dihydrochloride (DAPI, 10 μg/ml) (Invitrogen, Carlsbad, CA). Slides
were washed and mounted in Prolong Antifade medium (Invitrogen, Carlsbad, CA) and
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visualized on an Olympus Inverted IX70 microscope (Olympus America Inc., Center
Valley, PA). Confocal microscopy images were acquired with a Leica SP2 confocal
microscope (Leica Microsystems, Exton, PA) with the help of Dr. Juraj Kabat (National
Institutes of Allergy and Infectious Diseases, Bethesda, MD).

Trypsin digestion
For mass spectrometry analysis, proteins were trypsin digested. Bands were cut
from a 4-12% gradient Bis-Tris gel resulting from immunoprecipitation with Pfl2110c
antisera. The bands were washed three times with wash solution (50% acetonitrile, 50
mM ammonium bicarbonate, water) and vortexed continuously for 10 minutes at room
temperature. One-hundred percent acetonitrile was added to gel pieces, vortexed, and
incubated for 5 minutes. The gel pieces were dried using a vacuum centrifugal
concentrator. The samples were incubated at 55°C for one hour in 10 mM dithiothreitol
(DTT). The DTT was removed, and the samples were incubated in 55 mM
iodoacetamide (IAA) for 45 minutes at room temperature in the dark. After incubation,
the IAA was removed, and the samples were washed as described previously three times.
One-hundred percent acetonitrile was added, and the samples were vortexed and allowed
to incubate for 5 minutes at room temperature. The acetonitrile was removed with the
vacuum centrifugal concentrator. The dried gel pieces were digested with 20 ng/µl
trypsin in 50 mM ammonium bicarbonate solution. The samples were incubated for 30
minutes on ice. Digestion buffer (50 mM ammonium bicarbonate, 10% acetonitrile) was
added, and the samples were incubated at 37°C overnight. Peptides were extracted the
next day by adding a solution of 20% acetonitrile with 5% formic acid. The samples
were vortexed continuously for 10 minutes at room temperature. The liquid was retained
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in a fresh tube. The samples were incubated in a solution of 60% acetonitrile with 5%
formic acid for 60 minutes at room temperature with continuous vortexing. The liquid
from this incubation was collected and added to the new tube.
Mass spectrometry
Mass spectrometry analysis was conducted by Dr. Vladimir Lee (Virginia
Commonwealth University, Richmond, VA). The peptide extracts were separated using
liquid chromatography. The digested proteins were loaded on a C18 trap column (300um
ID X 5mm, Dionex Corporation, Bannockburn, IL) using Ultimate 3000 HPLC (Dionex
Corp., Bannockburn, IL), desalted and then separated on reverse phase in-house packed
C18 (5um Magic C18, Michrom Bioresources, Auburn, CA) columns (75um ID X
150mm) at a flow rate of 200 nl/min on a water/acetonitrile/formic acid gradient. Eluted
peptides were subjected to electrospray ionization and MS/MS analysis on LCQ Deca XP
Plus (Thermo Electron Corporation, Waltham, MA). The mass spectrometer was
operated in data-dependent mode. The four most abundant ions in each MS spectrum
were selected and fragmented to produce tandem mass spectra. The MS/MS spectra were
recorded in the profile mode. Proteins were identified by searching the MS/MS spectra
against the PlasmoDB database and a human database available on the NCBI web-site
using Bioworks v3.2 software. The possible peptides were identified based on possessing
fully tryptic termini with cross-correlation scores (Xcorr) greater than 1.9 for singly
charged peptides, 2.3 for doubly charged peptides, and 3.75 for triply charged peptides,
and delta-correlation scores (∆Cn) greater than 0.3. In addition, the filter for protein
probability was set to be less than 0.0001 and the number of peptides for the protein had
to be greater than 2.
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Results

Pfl2110c is expressed as a greater than 600 kDa protein in its native state
Proteins were separated on native gels with and without being cross-linked with
DSP. The resulting Western blots were probed with Pfl2110c antisera. For both crosslinked and non-cross linked assays, a band was seen at approximately 690 kDa (Figure
7). The immunoblot resulting from the non-cross linked assay showed an additional band
at approximately 660 kDa. These results indicate that Pfl2110c is either forming a
complex composed of Pfl2110c monomers or interacting with other proteins.
Pfl2110c colocalizes and interacts with GBP130
Glycophorin-binding protein 130 is a P. falciparum-exported protein. It contains
a recessed N-terminal ER-recognition signal and a PEXEL motif. To determine whether
Pfl2110c colocalizes with GBP130, double confocal immunofluorescence was performed
with antisera against Pfl2110c and GBP130. As shown in Figure 8, there is a complete
overlap between Pfl2110c and GBP130 in infected erythrocytes. To investigate whether a
direct protein interaction is occurring between Pfl2110c and GBP130, coimmunoprecipitation experiments were performed. P. falciparum lysates were
immunoprecipitated with antisera against Pfl2110c followed by immunoblotting with
antisera against GBP130. Rabbit pre-immune sera was used as a negative control.
Conversely, P. falciparum lysates were immunoprecipitated with antisera against GPB
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130 followed by immunoblotting with antisera against Pfl2110c. Rat pre-immune sera
was used as a control for this assay. As shown in Figure 9A, a band of 130 kDa was
detected with anti-GBP130 following immunoprecipitation with anti-Pfl2110c.
Additionally, a band of 250 kDa was detected with anti-Pfl2110c antisera following
immunoprecipitation with anti-GBP130 (Figure 9B).
Pfl2110c partially colocalizes and interacts with RESA
Ring-infected surface antigen (RESA) is a 155 kDa protein that associates with
the erythrocyte cytoskeleton; specifically spectrin. RESA contains an N-terminal signal
sequence and a PEXEL motif and is known to be exported into the host cytoplasm. To
determine if Pfl2110c colocalizes with RESA, double confocal immunofluorescence was
performed with antisera against both Pfl2110c and RESA. As shown in figure 10, there
is partial overlap between Pfl2110c and RESA. A direct interaction between the two
proteins was demonstrated by co-immunoprecipitation assays. P. falciparum lysates
were immunoprecipitated with Pfl2110c antisera and rabbit pre-immune sera followed by
immunoblotting with antisera against RESA. Conversely, P. falciparum lysates were
immunoprecipitated with antisera against RESA and rat pre-immune sera followed by
immunoblotting with antisera against Pfl2110c. As shown in figure 11A, a band of 155
kDa was detected with anti-RESA following immunoprecipitation with anti-Pfl2110c. In
addition, a band of 250 kDa was detected with anti-Pfl2110c following
immunoprecipitation with RESA antisera (Figure 11B).
Pfl2110c colocalizes and interacts with spectrin
P. falciparum-exported proteins are known to interact with the host cytoskeleton,
as mentioned above. To investigate whether Pfl2110c colocalizes with spectrin, double
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confocal immunofluorescence was performed with antisera against Pfl2110c and spectrin.
As shown in figure 12, Pfl2110c and spectrin colocalize. To determine whether Pfl2110c
biochemically interacts with the host cytoskeleton, P. falciparum lysates were
immunoprecipitated with Pfl2110c and rabbit pre-immune antisera followed by
immunoblotting with antisera against spectrin. As shown in Figure 13A, a band of
approximately 260 kDa was detected with spectrin antisera following
immunoprecipitation with anti-Pfl2110c. Conversely, a band of 250 kDa was detected
with Pfl2110c antisera following immunoprecipitation with spectrin and rat pre-immune
antisera (Figure 13B).
Pfl2110c interacts with the Maurer’s clefts proteins
Double immunofluorescence assays were unsuccessful in obtaining a signal from
the LWL1 antisera. This is most likely due to the incompatible fixation methods for each
protein (acetone fixation for LWL1 and paraformaldehyde for Pfl2110c).
Immunoprecipitation assays were also not completely successful. Coimmunoprecipitating Pfl2110c with LWL1 antisera was unsuccessful. The expected
bands of 40, 50, 102, and 120 kDa were seen, however, when proteins were
immunoprecipitated with Pfl2110c antisera followed by probing with LWL1 antisera
(Figure 14). This antisera requires a very low dilution (1:4) and there was only a limited
quantity available, so further experiments could not be performed.
Pfl2110c partially colocalizes with SBP-1
Immunofluorescence assays with Pfl2110c and skeleton-binding protein 1 (SBP1), a Maurer’s clefts resident protein, show colocalization between the two proteins
(Figure 15). SBP-1 is an integral membrane protein of the Maurer’s clefts, and it lacks
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both an ER-recognition signal sequence and an HT/PEXEL motif. SBP-1 also interacts
with spectrin. In the colocalization images, SBP-1 and Pfl2110c appear to be within the
Maurer’s clefts based on their punctate staining (Figure 16). In some areas, it appears
that SBP-1 is partially surrounding Pfl2110c, and this may be due to SBP-1 localizing in
the membrane as well as the lumen of the Maurer’s clefts while Pfl2110c is only in the
lumen of the Maurer’s clefts. The immunoprecipitation assays showed that the two
proteins do not physically interact, however. There was not a band at the expected size of
250 kDa (Figure 17).
Pfl2110c does not colocalize or interact with glycophorins A, B, or C
Interactions between Pfl2110c and glycophorins A, B, and C were tested due to
the previous findings that Pfl2110c localizes in the erythrocyte membrane, the location of
glycophorins A, B, and C. Immunofluorescence assays performed with glycophorins A,
B, and C showed no colocalization. In addition, the expected bands at approximately 75
kDa were not detected in immunoprecipitation assays performed with antisera against
Pfl2110c followed by immunoblotting with glycophorin A+B, and C antisera (Figures
18A and 18C). The expected band at 250 kDa was not seen with the converse
experiments (Figures 18B and 18D).
Putative interactors of Pfl2110c were identified using mass spectrometry
To identify additional interacting proteins, protein lysates were cross-linked with
DSP and immunoprecipitated with Pfl2110c antisera. Ten assays were collectively
electrophoresed on a single well, 4-12% gradient Bis-Tris SDS-PAGE gel. The gel was
stained with coomassie dye, and each visible band was excised (Figure 19). The bands
were trypsin-digested and separated by liquid chromatography for mass spectrometry
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analysis. Of the proteins identified, 14 were selected as possible human-encoded
interactors (Table 1). These proteins were selected based on the low probability of their
identity being due to chance and the location within the human body being the
erythrocyte. Three of the human-encoded proteins were part of the cytoskeleton;
specifically spectrin, ankyrin, and band 4.1. Six parasite-encoded proteins were selected
as possible interactors based on their probability of identity and species of origin being
Plasmodium falciparum (Table 2). The heat shock protein identified was especially
interesting due to the conserved nature of many heat shock proteins. It is possible that
this protein may be involved in chaperoning Pfl2110c within the parasite or host cell.
This heat shock protein does not contain a PEXEL motif. The rest of the identified
proteins need further analysis to determine if they are real interactors. Because some of
the bands excised were very faint, it is likely that they did not produce any results. This
is most likely the reason why GBP130 and RESA were not identified by mass
spectrometry.

17

Discussion

It was previously shown that Pfl2110c is expressed in all stages of the
erythrocytic cycle and is exported to the erythrocyte cytoplasm and plasma membrane
[14]. The results from this research have demonstrated that Pfl2110c in the native state is
expressed as a 660 and 690 kDa protein although its predicted molecular weight is 221
kDa. In the denatured state, Pfl2110c is expressed at the molecular weight of 250 kDa.
The discrepancy between the predicted size and the actual size may be due to some form
of post-translational modification such as phosphorylation. The localization of Pfl2110c
to the erythrocyte cytoplasm and plasma membrane demonstrate that it is part of the
parasite’s exportome despite lacking the typical ER-recognition signal and HT/PEXEL
motif [14]. This suggests that Pfl2110c is interacting with other proteins as it is
transported first across the plasma membrane of the parasite and then as it crosses the
PVM into the host erythrocyte. The results from the native gels suggest that Pfl2110c is
either existing in a homogeneous complex or in a complex with other proteins. It was
shown that the size of Pfl2110c in the native state is larger than 600 kDa whether the
proteins were cross-linked or not cross-linked prior to immunoprecipitation assays. This
indicates that the high molecular weight of Pfl2110c in the native state after cross-linking
is not an artifact of DSP cross-linking.
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Initial immunoprecipitation assays were performed without cross-linking the
proteins. The resulting gels from these experiments only had three bands which were
shown to be Pfl2110c, spectrin, and GBP130 (Figure 20). GBP130 was
immunoprecipitated with Pfl2110c without cross-linking, and it was later discovered that
spectrin was also able to be immunoprecipitated without a cross-linking agent. These
results suggest that these interactions are stable and not transient. DSP cross-linking was
utilized after these initial immunoprecipitation assays to determine if Pfl2110c had weak
or transient interactions with other proteins that could not be captured with
immunoprecipitation alone.
Previously characterized P. falciparum exported proteins were used for
colocalization studies of Pfl2110c in order to obtain clues about its export pathway.
GBP130 and RESA are known HT/PEXEL-positive, exported proteins that localize in the
cytoplasm of the host cell [10, 11]. The Maurer’s clefts have been characterized as an
“external Golgi” that most likely transport proteins from the PVM throughout the host
cell [9]. SBP-1 is a known resident protein of the Maurer’s clefts [9]. Spectrin is part of
the host cytoskeleton, and it is known to interact with numerous P. falciparum exported
proteins including RESA and SBP-1. The glycophorin proteins were tested due to
previous results showing Pfl2110c localizing in the erythrocyte membrane.
Pfl2110c colocalizes with GBP130 as they both are found surrounding merozoites
in the schizont stage. This may suggest that Pfl2110c is also involved in the release of
merozoites. While GBP130 has previously been shown to bind tightly to domains of
glycophorin on the cytoplasmic side of the erythrocyte membrane [16], it was found that
Pfl2110c does not bind to any of the glycophorin proteins (Figure 18). GBP130 has been
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characterized as being expressed in the trophozoite and schizont stages only [16-18], and
the immunofluorescence results with Pfl2110c and GBP130 support these findings as no
colocalization was seen in the ring stage. As Pfl2110c also binds spectrin, perhaps it has
a role in stabilizing GBP130 with the host cytoskeleton. The interaction with spectrin
and RESA might also implicate Pfl2110c in the stabilization of the erythrocyte as a
necessary step for the modification of the infected erythrocyte. RESA has been shown to
stabilize spectrin tetramers, which may be especially important for resistance to
temperature increases during fever cycles of malaria [19, 20]. Pfl2110c may be involved
in the stabilization of spectrin tetramers as well.
The results of the immunoprecipitations with the Maurer’s clefts proteins and one
of its resident proteins SBP-1 suggest that Pfl2110c is exported to the erythrocyte by
moving through the Maurer’s clefts. The incompatible fixation methods necessary for
Pfl2110c and the Maurer’s clefts proteins (LWL1) antibodies prevented the use of
immunofluorescence assays to visualize colocalization. Further experiments will have to
be conducted to conclude if Pfl2110c is associated with the Maurer’s clefts.
Colocalization with additional Maurer’s clefts resident proteins, such as the ring-exported
protein 2 (REX-2) or the subtelomeric variable open reading frame proteins (STEVORS)
[9], will lend further support to the idea that Pfl2110c is associated with the Maurer’s
clefts. Additionally, immunoelectron microscopy will help determine if Pfl2110c is
actually within the Maurer’s clefts. The immunofluorescence assays with SBP-1,
however, further suggest that Pfl2110c is localized in the Maurer’s clefts as it moves
through the erythrocyte. These results and those of the immunoprecipitations with SBP-1
are especially important to show that although proteins may reside within the same
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organelle, they cannot be cross-linked unless they physically interact with each other.
This supports the other results as being true interactions and not artificial linking. Like
SBP-1, Pfl2110c is exported to the erythrocyte cytosol despite lacking both the
hydrophobic N-terminal signal sequence and HT/PEXEL motif, and it also interacts with
spectrin. Therefore, it is fitting to rename Pfl2110c skeleton-binding protein 2 (SBP-2).
To identify other proteins that interact with SBP-2, mass spectrometry was used.
The results were based on the probability of matching ion compositions—not sequence
matching. This method of analysis is not precise, and it only gives an idea of what
proteins might have been immunoprecipitated with SBP-2. Many of the putative humanencoded proteins were related to the host cytoskeleton. Spectrin alpha and beta chains
were identified which may further support the immunofluorescence and
immunoprecipitation results. Band 4.1 and ankyrin were also identified as putative
interacting proteins. Both of these proteins bind spectrin in the host erythrocyte. The
other identified proteins need further analysis to make conclusions on possible
interactions.
SBP-2 has been shown to be a conserved protein among other Plasmodium
species [13]. In addition to the interacting proteins reported in this research, SBP-2 is
predicted to contain at least two calcium-binding (C2) domains. These domains may
suggest that the export of SBP-2 is regulated by other proteins and calcium levels.
Another possibility for these domains could be that SBP-2 is involved in vesicular
trafficking by binding phospholipids in the vesicle membrane. SBP-2 is also predicted to
have at least two transmembrane domains. The putative transmembrane domains may
implicate SBP-2 in interactions with plasma membranes transiently, during export, or as a
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destination in the erythrocyte membrane. There are many unanswered questions
remaining about the function of this protein and the actual export pathway used for its
secretion. This research has provided clues about the export destinations of SBP-2. It
appears to be traveling through or interacting with the Maurer’s clefts and finally residing
near or in the erythrocyte membrane. SBP-2 also seems to be interacting with spectrin
perhaps for the purpose of stabilization. To identity other interacting proteins, more
precise mass spectrometry methods will be employed. In addition, brefeldin A
experiments could show if SBP-2 is moving through the classical secretion pathway
similarly to GBP130 [16]. The use of a Golgi marker would also be helpful in supporting
whether or not SBP-2 is moving through the parasite’s secretory pathway. To determine
the effect of SBP-2 on spectrin, binding assays could be conducted with purified spectrin
and SBP-2 as was done for RESA [20].
In summary, this research has shown that SBP-2 transiently localizes to the
Maurer’s clefts as it moves to the erythrocyte cytosol. This suggests that both
HT/PEXEL-positive and HT/PEXEL-negative proteins are trafficked to the Maurer’s
clefts. In addition, SBP-2 has also been shown to colocalize and interact with RESA,
GBP130, and spectrin. A model of export is illustrated in Figure 21 showing SBP-2
interacting with RESA as it moves into nascent Maurer’s clefts and throughout the
erythrocyte. RESA was chosen instead of GBP130 since GBP130 is exported at the
trophozoite stage while both SBP-2 and RESA are exported during the ring stage.
Further characterization of SBP-2 will shed light onto a novel export pathway for
HT/PEXEL-negative proteins and the function of SBP-2. It will be important to perform
structure-function studies of SBP-2 to determine the sequences necessary for its export to
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the erythrocyte. Since the export of parasite proteins into the host is essential for parasite
virulence, proteins involved in this novel export pathway could be ideal drug targets
against Plasmodium falciparum in the effort to combat malaria.
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Figure 21. Model of SBP-2 export into erythrocyte. A) SBP-2 and RESA are loaded
into nascent Maurer’s clefts as the clefts bud from the parasitophorous vacuole membrane
(PVM), B) As the Maurer’s cleft matures, it breaks away from the PVM with the proteins
in it, C) SBP-2 and RESA are packaged into vesicle-like structures that can bud off the
clefts and merge with new clefts, D) SBP-2 is transported to different sites in the
erythrocyte with the vesicle-like structures. SBP-2 localizes with spectrin and GBP130.
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